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Abstract
After discovery of the Higgs boson at CERN the Standard Model
acquired a status of the full, correct theory of the elementary parti-
cles in the electroweak range. What general conclusions can be in-
ferred from the SM? I am suggesting here that in the framework of
such general principles as local gauge symmetry, unification of the
weak and electromagnetic interactions and Brout-Englert-Higgs spon-
taneous breaking of the electroweak symmetry nature chooses the sim-
plest possibilities. It is very plausible that massless left-handed neu-
trinos (simplest, most economical possibility) play crucial role in the
determination of the charged current structure of the Standard Model
and that neutrino properties (masses and nature) are determined by
a beyond the Standard Model physics. The discovery of the neutri-
noless double β-decay and proof that neutrinos with definite masses
are Majorana particles would be an important evidence in favor of the
considered scenario.
1 Introduction
The Standard Model is one of the greatest achievement of the physics of
the XX’s century. It emerged as a result of numerous experiments and such
fundamental theoretical principles as local gauge invariance, unification of
the weak and electromagnetic interactions, spontaneous breaking of the elec-
troweak symmetry.
After the discovery of the Higgs boson at LHC the Standard Model was
established as full, correct theory of physical phenomena in the electroweak
energy scale (up to about 300 GeV). We will try here to discuss some lessons
which we can be inferred from the Standard Model
There are many questions connected with the Standard Model: why left-
handed and right-handed quark, lepton and neutrino fields have different
transformation properties, why in unified electroweak interaction the weak
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part maximally violate parity and the electromagnetic part conserve parity,
why mixing takes place etc. I suggest here that the charged current structure
of the SM is determined by neutrinos.
From my point of view the SM started with the theory of the massless two-
component neutrino. In 1929 soon after Dirac proposed his famous equation,
Weyl [1] introduced two-component spinors ψL,R(x) as a simplest and most
elegant possibility for massless particles. The two-component spinors are
determined by the relations γ5ψL,R(x) = ∓ψL,R(x) and satisfy the equations
iγα∂α ψL,R(x) = 0. (1)
However, the two-component fields for massless particles were rejected at
that time because the equations (1) do not conserve parity.1 Pauli in his
book on Quantum Mechanics [2] wrote ”...because the equation for ψL(x)
(ψR(x)) is not invariant under space reflection it is not applicable to the
physical reality”.
After in 1957 large violation of parity in the β-decay and other weak pro-
cesses was discovered [6, 7] Landau [3], Lee and Yang [4] and Salam [5] from
different reasons proposed two-component theory for neutrino. According to
this theory neutrino mass is equal to zero and neutrino field νL(x) (or νR(x))
satisfies the equation
iγα∂α νL(x) = 0 (or iγ
α∂α νR(x) = 0). (2)
If neutrino is the two-component massless νL (or νR) Weyl particle in this
case
1. Large violation of the parity in the β-decay and other weak processes
must be observed (in agreement with the results of the Wu et al and
other experiments [6, 7]).
2. Neutrino helicity is equal -1 (+1) and antineutrino helicity is equal to
+1 (-1).
The point 1. is obvious. In fact, under the space inversion the left-handed
(right-handed) neutrino field is transformed into the right-handed (left-handed)
field
ν ′R,L(x
′) = ηγ0νL,R(x). (3)
1When Weyl introduced two-component spinors and discussed them in some details in
[1] he, probably, followed his principle: ”My work always tried to unite the truth with the
beautiful, but when I had to choose one or the other, I usually chose the beautiful.”
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Here x′ = (x0,−~x) and η is a phase factor. Thus, if neutrino field is νL(x)
(or νR(x)) the Lagrangian is not invariant under the space inversion.
In order to see that neutrino is a particle with definite helicity let us con-
sider the spinor ur(p) which describes a massless particle with the momentum
p and helicity r. We have
~Σ · ~n ur(p) = r ur(p), γ · p ur(p) = 0. (4)
Here ~Σ = γ5γ
0~γ is the operator of the spin and ~n = ~p|~p| is the unit vector in
the direction of the momentum. From (4) it follows that
γ5 u
r(p) = r ur(p) and
1
2
(1∓ γ5) ur(p) = 1
2
(1∓ r) ur(p) (5)
Thus, if neutrino field is νL(x) (νR(x)) in this case r = −1 (r = +1). Analo-
gously, it is easy to show that antineutrino helicity is equal to +1 (-1) in the
case if neutrino field is νL(x) (νR(x)).
The neutrino helicity was measured in the spectacular Goldhaber et al
experiment [8]. In this experiment the neutrino helicity was obtained from
the measurement of the circular polarization of γ’s produced in the chain of
reactions
e− +152 Eu→ ν + 152Sm∗
↓
152Sm + γ.
The authors of the paper [8] concluded : ”... our result is compatible with
100% negative helicity of neutrino emitted in orbital electron capture”.
Thus, the Goldhaber et al experiment confirmed the two-component neu-
trino theory. It was shown that from two possibilities (νL(x) or νR(x)) nature
choose the first one.
The number of degrees of freedom of the Weyl field is two times smaller
than the number of the degrees of freedom of the four-component Dirac field.
After the discovery of the large violation of parity in the β-decay and other
weak processes and the measurement of the neutrino helicity it became very
plausible that for the neutrino nature choose this simplest possibility.
Let us notice that at the time when the two-component neutrino theory
was proposed it was unknown that exist three types of neutrino. In 1962 in
the Brookhaven experiment [9] it was shown that muon and electron neu-
trinos νe and νµ are different particles. In 2000 the third neutrino ντ was
discovered in the DONUT experiment [10].
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2 On the Standard Model
The Standard Model is based on the local gauge symmetry which is a natural
symmetry for the Quantum Field Theory with depending on x quantum
fields. In order to include charged leptons and quarks the symmetry group
must be non-Abelian.
The simplest possibility is SUL(2) group with three lepton doublets
ψlepeL =
(
ν ′eL
e′L
)
, ψlepµL =
(
ν ′µL
µ′L
)
, ψlepτL =
(
ν ′τL
τ ′L
)
, (6)
and three quark doublets
ψ1L =
(
u′L
d′L
)
, ψ2L =
(
c′L
s′L
)
, ψ3L =
(
t′L
b′L
)
(7)
Here the lepton fields (e′L(x), µ
′
L(x), τ
′
L(x)) and fields of the quarks with the
charges (2/3) and (−1/3) (u′L(x), c′L(x), t′L(x) and d′L(x), s′L(x), b′L(x)), like
neutrino fields, are massless two-component Weyl fields.
In order to insure the invariance under the local gauge transformations
(ψlepl )
′(x) = ei
1
2
~τ ·~Λ(x) ψlepl (x) (l = e, µ, τ) ψ
′
a(x) = e
i 1
2
~τ ·~Λ(x) ψa(x) (a = 1, 2, 3)
(8)
(Λi(x) (i=1,2,3) are arbitrary functions of x) we need to assume that neutrino-
lepton and quark fields interact with massless vector (isovector) field ~Aα(x)
and in the free Lagrangian derivatives of the fermion fields are changed by
the covariant derivatives
∂α ψ
lep
lL (x)→ (∂α+i g
1
2
~τ · ~Aα(x))ψleplL (x), ∂α ψaL(x)→ (∂α+i g
1
2
~τ · ~Aα(x))ψaL(x),
(9)
where g is a dimensionless interaction constant. Because the interaction
constant g enters into the strength tensor of the field ~Aα(x)
~Fαβ(x) = ∂α ~Aβ(x)− ∂β ~Aα(x)− g ~Aα(x)× ~Aβ(x). (10)
it must be the same for all doublets. As a result, we come to the following
Lagrangian of the universal interaction of fundamental fermions and vector
bosons
LI(x) = −g ~jα ~Aα, (11)
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where
~jα =
∑
l=e,µ,τ
ψ¯leplL γα
1
2
~τψleplL +
3∑
a=1
ψ¯aLγα
1
2
~τψaL (12)
is the isovector current of lepton and quarks.
The expression (11) can be written in the form
LI(x) =
(
− g
2
√
2
jCCα (x)W
α(x) + h.c
)
− g j3α(x)A3α(x) . (13)
Here
jCCα = 2(j
1
α + ij
2
α) = 2
∑
l=e,µ,τ
ν¯ ′lLγαl
′
L + 2
∑
q1=u,..q2=d,..
q¯′1Lγαq
′
2L (14)
is the charged current of the leptons and quarks and Wα =
A1α+iA
2
α√
2
is the
field of charged, vector W± bosons.
Let us stress the following
1. The interaction (11) is the simplest possibility. It is the minimal inter-
action compatible with two-component neutrino theory and local gauge
invariance.
2. Because the interaction constant g is the same for all doublets, the CC
weak interaction is (νe, e)− (νµ, µ)− (ντ , τ) -universal.
The Standard Model is the unified theory of the weak and electromagnetic
interactions. In the electromagnetic current the left-handed and right-handed
fields enter. For example, the electromagnetic lepton current has the form
jEMα =
∑
l
(−1) l¯′γαl′ =
∑
l
(−1) l¯′Lγαl′L +
∑
l
(−1) l¯′Rγαl′R. (15)
Thus, in order to unify the weak and electromagnetic interactions we must
enlarge the symmetry group. A new symmetry group must include not only
transformations of left-handed fields but also transformations of right-handed
fields of charged leptons and quarks. At this point there is a fundamental
difference between neutrinos and other fermions: neutrinos charges are equal
to zero, there is no electromagnetic current of neutrinos. The unification
of the weak and electromagnetic interactions does not require right-handed
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neutrino fields. Thus, a minimal possibility is to assume that there are no
right-handed neutrino fields in the SM.
The minimal enlargement of the SUL(2) symmetry group is the direct
product SUL(2)×UY (1) where UY (1) is the Abelian group of the hypercharge.
In order to ensure local gauge SUL(2)×UY (1) invariance we need to change
in the free Lagrangian derivatives of left-handed and right-handed fields by
the covariant derivatives
∂αψ
lep
lL → (∂α + ig
1
2
~τ · ~Aα + ig′1
2
Y lepL Bα)ψ
lep
lL ,
∂αψaL → (∂α + ig1
2
~τ · ~Aα + ig′1
2
YLBα)ψaL (16)
and
∂αl
′
R → (∂α + ig′
1
2
Y lepR Bα)l
′
R
∂αq
′
R → (∂α + ig′
1
2
Y upR Bα)q
′
R, q
′
R = u
′
R, c
′
R, t
′
R
∂αq
′
R → (∂α + ig′
1
2
Y downR Bα)q
′
R, q
′
R = d
′
R, s
′
R, b
′
R, (17)
where Bα is the field of the vector neutral gauge bosons of the UY (1) group.
There are no constraints on the interaction constants of the Abelian UY (1)
local group. However, in order to unify the weak and electromagnetic interac-
tions we need to assume that the interaction constants, correspondingly, for
lepton doublets, quarks doublets, right-handed lepton singlets, right-handed
up-quark singlets and right-handed down-quark singlets have the form
g′
1
2
Y lepL , g
′1
2
YL, g
′1
2
Y lepR , g
′1
2
Y upR , g
′1
2
Y downR (18)
Here g′ is a constant and hypercharges of left-handed and right-handed fields
of leptons and quarks Y lepL , YL, ... are chosen in accordance with the Gell-
Mann-Nishijima relation
Q = T3 +
1
2
Y, (19)
where Q is the electric charge and T3 is the third projection of the isotopic
spin.
For the Lagrangian of the minimal interaction of lepton and quark fields
with the fields of neutral vector fields A3α and Bα we obtain the following
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expression
L0I = −g j3αA3α − g′
1
2
jYα B
α. (20)
Here
1
2
jYα = j
EM
α − j3α, (21)
where jEMα is the electromagnetic current of the leptons and quarks.
Let us notice that this last relation is due to the fact that electric charges
of the left-handed components (coming from doublets) and the right-handed
components (coming from singlets) are the same. Thus, if we choose UY (1)
coupling constants in accordance with the Gell-Mann-Nishijima relation we
can combine electromagnetic interaction which conserve parity with the weak
interaction which violate parity into one electroweak interaction. Noncon-
servation of parity is deeply connected with the two-component massless neu-
trinos.
In order to identify in (20) the Lagrangian of electromagnetic interaction
of leptons and quarks with the electromagnetic field
• instead of the fields A3α and Bα we need to introduce the following
orthogonal ”mixed” fields
Zα = cos θWA
3α − sin θWBα, Aα = sin θWA3α + cos θWBα, (22)
where the weak (Weinberg) angle θW is determined by the relation
g′
g
= tan θW . (23)
• we need to assume that
g sin θW = e, (24)
were e is the proton charge. This relation is called the unification
condition.
Finally, the interaction Lagrangian consists of three parts:
1. The Lagrangian of the interaction of the fermions with the vector field
of the charged W± bosons
LCCI =
(
− g
2
√
2
jCCα W
α + h.c
)
. (25)
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2. The Lagrangian of the interaction the fermions with the electromag-
netic field Aα
LEMI = −jEMα Aα. (26)
3. The Lagrangian of the neutral current (NC) interaction the fermions
with the vector field of the neutral Z0 bosons
LNCI = −
g
2 cos θW
jNCα Z
α, (27)
where the neutral current jNCα is given by the expression
jNCα = 2 j
3
α − 2 sin2 θW jEMα . (28)
The structure of the CC term is originated from the theory of the two-
component neutrino. The structure of the NC term is determined by the
unification the CC weak interaction and EM interaction on the basis of the
SUL(2) × UY (1) group. It is evident that the Lagrangian of interaction of
the fundamental fermions and gauge vector bosons
LI = LCCI + LEMI + LNCI (29)
is the minimal, simplest Lagrangian (in the framework of the local gauge
invariance and unification).
Up to now fields of all fundamental fermions and gauge vector bosons were
massless. In order to build a realistic theory of the electroweak interaction we
need to use a mechanism of the generation of masses of W± and Z0 bosons,
quarks and charged leptons. The photon must remain massless. Neutrino
masses is a special subject. We will discuss it later.
The Standard model mechanism of the mass generation is the Brout-
Englert-Higgs mechanism [11, 12]. It is based on the phenomenon of the
spontaneous symmetry breaking. The spontaneous symmetry breaking takes
place in several many-body phenomena such as ferromagnetism and others. It
happens if the Hamiltonian of the system has some symmetry, vacuum states
are degenerated and (breaking the symmetry) the system spontaneously oc-
cupies one vacuum state. It was suggested [13, 14] that the phenomenon of
the spontaneous symmetry breaking takes place also in the Quantum Field
Theory.
In order to ensure the spontaneous symmetry breaking we need to assume
that in addition to the fields of fundamental fermions and gauge vector bosons
the scalar Higgs field is included in the system.
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We will assume that the Higgs field
φ(x) =
(
φ+(x)
φ0(x)
)
(30)
is transformed as the SUL(2) doublet. Here φ+(x) and φ0(x) are complex
charged and neutral scalar fields. According to the Gell-Mann-Nishijima
relation the hypercharge of φ(x) is equal to one. We will see later that this
assumption give us the most economical, simplest (in the framework of the
spontaneous breaking of the symmetry) possibility to provide masses of W±
and Z0 vector bosons.
The part of the SUL(2)×UY (1) invariant Lagrangian, in which the Higgs
field enters, has the form
L = ((∂α+ i g 1
2
~τ · ~Aα+ i g′ 1
2
Bα)φ)
†(∂α+ i g
1
2
~τ · ~Aα+ i g′ 1
2
Bα )φ−V (φ† φ).
(31)
Here the term V (φ† φ) (which is called potential) is given by the expression
V (φ† φ) = −µ2 φ† φ+ λ (φ† φ)2, (32)
where µ2 and λ are positive constants. The constant µ has dimension of M
and λ is dimensionless constant.
Existence of the Higgs field fundamentally change the property of the
system: the energy of the system reaches the minimum at nonzero values
of the Higgs field. In fact, the energy of the system reaches the minimum
at such values of Higgs field which minimize the potential V (φ† φ). We can
rewrite the potential V (φ† φ) in the form
V (φ† φ) = λ
(
φ† φ− µ
2
2λ
)2
− µ
4
4λ
. (33)
From this expression it is obvious that the potential reaches minimum at
(φ† φ)0 =
v2
2
(34)
where
v2 =
µ2
λ
. (35)
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Taking into account the conservation of the electric charge, for the vacuum
values of the Higgs field we have
φ0 =
(
0
v√
2
)
eiα, (36)
where α is an arbitrary phase. This freedom is obviously connected with the
gauge symmetry of the Lagrangian. We can choose
φ0 =
(
0
v√
2
)
. (37)
With this choice we break the symmetry. Notice that in the quantum case
the constant v, having the dimension M , is the vacuum expectation value
(vev) of the Higgs field.
The doublet φ(x) can be presented in the form
φ(x) = ei
1
v
1
2
~τ ·~θ(x)
(
0
v+H(x)√
2
)
. (38)
Here θi(x) (i = 1, 2, 3) and H(x) are real functions which have dimension of
the scalar field (M). Vacuum values of these functions are equal to zero.
The Lagrangian (31) is invariant under the SUL(2) × UY (1) local gauge
transformations. We can choose the arbitrary gauge in such a way that
φ(x) =
(
0
v+H(x)√
2
)
. (39)
Such a gauge is called the unitary gauge. From (39) for the Lagrangian (31)
we find the following expression
L = 1
2
∂αH ∂
αH+
1
4
(v+H)2g2W †αW
α+
1
4
(v+H)2(g2+g′2)
1
2
Zα Z
α−λ
4
(2vH+H2)2.
(40)
The mass terms of W± and Z0 vector bosons and the scalar Higgs boson
have the following form
Lm = m2W W †αW α +
1
2
m2Z Zα Z
α − 1
2
m2H H
2, (41)
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where mW , mZ and mH are masses of the W
±, Z0 and Higgs bosons. From
(40) and (41) we find
mW =
1
2
g v, mZ =
1
2
√
(g2 + g′2)v, mH =
√
2λv. (42)
Thus, after the spontaneous symmetry breaking W α(x), becomes the field of
the charged vector W± bosons with the mass 1
2
gv, Zα(x) becomes the field
of neutral vector Z0 bosons with the mass 1
2
√
(g2 + g′2) v, Aα(x) remains
the field of massless photons.
Three (Goldston) degrees of freedom are necessary to provide longitudinal
components of massive W± and Z0 bosons. The Higgs doublet (two complex
scalar fields, 4 degrees of freedom) is a minimal possibility. One remaining
degree of freedom is a neutral Higgs field H(x) of scalar particles with the
mass
√
2λ v.
The Brout-Englert-Higgs mechanism of the generation of masses of W±
and Z0 bosons predicts an existence of the massive scalar boson. Recent
discovery of the scalar boson at LHC [15] is an impressive confirmation of
this prediction of the Standard Model.
The expressions (42) for masses of the W± and Z0 bosons are character-
istic expressions for masses of vector bosons in a theory with spontaneous
symmetry breaking if in the Lagrangian covariant derivative of the Higgs
field enters. In fact, it is evident from (31) that masses of the vector bosons
must have a form of a product of the constant part of the Higgs field (vacuum
expectation value, v) and interaction constants.
The relations (42) allow to connect the constant v with the Fermi con-
stant GF . In fact, the Fermi constant, which can be determined from the
measurement of time of life of muon and from other CC data, is given by the
expression
GF√
2
=
g2
8m2W
. (43)
From (42) and (43) we obviously have
v2 =
1√
2GF
. (44)
Thus, we find
v = (
√
2GF )
−1/2 ≃ 246 GeV. (45)
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The interaction constant g is connected with the electric charge e and the
parameter sin θW by the unification condition (24). From (24), (42) and (45)
for the mass of the W boson we find the following expression
mW = (
πα√
2GF
)1/2
1
sin θW
, (46)
where α ≃ 1
137.036
is the fine-structure constant. For the mass of the Z0 boson
we have
mZ =
mW
cos θW
= (
πα√
2GF
)1/2
1
sin θW cos θW
. (47)
The parameter sin2 θW can be determined from the study of NC weak pro-
cesses. From existing data it was found the value sin2 θW = 0.23116(12)
[16].
Thus, the Standard Model predicts masses of the W± and Z0 bosons.
These predictions are in a perfect agreement with experimental data. For
average of all measured values of mW and mZ we have [16]:
mW = 80.420± 0.031 GeV, mZ = 91, 1876± 0.0021 GeV. (48)
From the Standard Model (taking into account radiative corrections) we have
mW = 80.381± 0.014 GeV, mZ = 91, 1874± 0.0021 GeV. (49)
This agreement of the experimental data with one of the basic prediction of
the SM is an important confirmation of the idea of the spontaneous breaking
of the electroweak symmetry.
We will consider now the Higgs mechanism of the generation of masses
of the fundamental fermions. The fermion mass term is a Lorenz-invariant
product of left-handed and right-handed components. It must be generated
by a SUL(2)×UY (1) invariant Lagrangian (after the spontaneous symmetry
breaking). Let us first consider the charged leptons. The most general La-
grangian which can generate the mass term of the charged leptons has the
following Yukawa form
LlepY = −
√
2
∑
l1,l2
ψ¯lepl1LYl1l2l
′
2R φ+ h.c, (50)
where Y is a 3× 3 complex nondiagonal matrix. The Standard Model does
not put any constraints on the matrix Y . The elements of this matrix are
parameters of the SM.
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After the spontaneous breaking of the symmetry from (6), (37) and (50)
we have
LlepY = −
∑
l1,l2
l¯′1LYl1l2l
′
2R(v +H) + h.c. (51)
The proportional to v term is the mass term of charged leptons. In order to
present it in the canonical form we need to diagonalize the matrix Y . The
general complex matrix Y can be diagonalized by the biunitary transforma-
tion
Y = VL y V
†
R, (52)
where VL and VR are unitary matrices and y is a diagonal matrix with positive
diagonal elements. From (51) and (52) we find
LlepY = −
∑
l=e,µ,τ
l¯LmllR (1 +
1
v
H) + h.c = −
∑
l=e,µ,τ
ml¯l l (1 +
1
v
H). (53)
Here
lL =
∑
l1
(V †L)ll1 l
′
1L, lR =
∑
l1
(V †R)ll1 l
′
1R, l = lL + lR (54)
and
ml = yl v. (55)
The first term of the Lagrangian (53) is the mass term of the charged leptons.
Thus, l(x) is the field of the charged lepton l with the mass ml (l = e, µ, τ).
Left-handed and right-handed components of the fields of leptons with def-
inite masses are connected, correspondingly, with primed left-handed fields,
components of the doublets ψleplL (x), and right-handed fields, singlets, by the
unitary transformations (54).
The second term of (53) is the Lagrangian of the interaction of leptons
and the Higgs boson
LlepY = −
∑
l=e,µ,τ
fl l¯ l H, (56)
where interaction constants are given by the relation
fl =
1
v
ml = (
√
2GF )
1/2ml ≃ 4.06 · 10−3 ml
GeV
. (57)
Let us express leptonic electromagnetic current and leptonic CC and NC
through fields of leptons with definite masses l(x). Taking into account the
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unitarity of the matrices VL and VR for the EM current we have
jEMα =
∑
l
(−1)l¯′Lγαl′L +
∑
l
(−1)l¯′Rγαl′R
=
∑
l
(−1)l¯LγαlL +
∑
l
(−1)l¯RγαlR =
∑
l
(−1)l¯ γα l (58)
For the leptonic charged current we find
jCCα = 2
∑
l
ν¯ ′l′Lγαl
′
L = 2
∑
l
ν¯lLγαlL, (59)
where
νlL =
∑
l1
(V †L)ll1 ν
′
l1L. (60)
is the field of the flavor neutrino. Finally, for the leptonic NC we obtain the
following expression
jNCα =
∑
l
ν¯ ′l′Lγαν
′
l′L −
∑
l
l¯′Lγαl
′
L − 2 sin2 θW jEMα (61)
=
∑
l
ν¯lLγανlL −
∑
l
l¯LγαlL − 2 sin2 θW jEMα . (62)
We will consider now briefly the Brout-Englert-Higgs mechanism of the gen-
eration of masses of quarks. Let us assume that in the total Lagrangian enter
the following SUL(2)×UY (1) invariant Lagrangian of the Yukawa interaction
of quark and Higgs fields
LquarkY = −
√
2
∑
a,q1=d,s,b
ψ¯aL Y
down
aq1 q
′
1R φ−
√
2
∑
a,q1=u,c,t
ψ¯aL Y
up
aq1 q
′
1R φ˜+ h.c.
(63)
Here
φ˜ = i τ2φ
∗ (64)
is the conjugated Higgs doublet and Y downaq1 and Y
up
aq1 are 3 × 3 complex non-
diagonal matrices.
After the spontaneous breaking of the symmetry in the unitary gauge we
have
φ(x) =
(
0
v+H(x)√
2
)
, φ˜(x) =
(v+H(x)√
2
0
)
. (65)
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From (63) and (65) we find
LquarkY = −
∑
q1,q2=d,s,b
q¯′1L Y
down
q1q′2
q2R (v +H)
−
∑
q1,q2=u,c,t
q¯′1L Y
up
q1q2 q
′
2R (v +H) + h.c. (66)
For the complex matrices Y down and Y up we have
Y down = V downL y
down V down†R , Y
up = V upL y
up V up†R . (67)
Here V downL,R and V
up
L,R are unitary matrices and y
down, yup are diagonal matrices
with positive diagonal elements.
Using (67) for the Lagrangian LquarkY we find
LquarkY = −
∑
q=u,d,c,s,t,b
mq q¯ q (1 +
1
v
H). (68)
Here
mq = yq v, q = u, d, c, s, t, b (69)
are masses of the quarks,
qL =
∑
q1=d,s,b
(V down†L )qq1 q
′
1L (q = d, s, b) qL =
∑
q1=u,c,t
(V up†L )qq1 q
′
1L (q = u, c, t)
(70)
and
qR =
∑
q1=d,s,b
(V down†R )qq1 q
′
1R (q = d, s, b) qR =
∑
q1=u,c,t
(V up†R )qq1 q
′
1R (q = u, c, t)
(71)
The first terms in the r.h.s. of Eq. (68) is the mass term of the quark
Lquarkm = −
∑
q=u,d,...
mq q¯ q. (72)
The second term
LquarkH = −
∑
q=u,d,...
fq q¯q H (73)
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is the Lagrangian of the interaction of quarks and the scalar Higgs boson.
The interaction constants fq are given by the relation
fq =
mq
v
= mq(
√
2GF )
1/2 ≃ 4.06 · 10−3 mq
GeV
. (74)
Let us express the electromagnetic current, neutral current and charged cur-
rent of quarks in terms of the fields of physical quarks with definite masses.
Taking into account the unitarity of the matrices V upL,R and V
down
L,R for the
electromagnetic current of quarks we have the following expression
jEMα =
2
3
∑
q=u,c,t
q¯′γαq′ + (−1
3
)
∑
q=d,s,b
q¯′γαq′ =
∑
q=u,d,...
eq q¯γαq, (75)
where eq =
2
3
for q = u, c, t and eq = −13 for q = d, s, b.
Analogously, for the the neutral current of quarks we find
jNCα =
∑
q=u,c,t
q¯′Lγαq
′
L −
∑
q=d,s,b
q¯′Lγαq
′
L − 2 sin2 θW jEMα
=
∑
q=u,c,t
q¯LγαqL −
∑
q=d,s,b
q¯LγαqL − 2 sin2 θW jEMα . (76)
Thus, NC of the Standard Model is diagonal over quark fields (conserves
quark flavor).
Finally, for the charged current of quarks we have
jCCα = u¯
′
Lγαd
′
L + c¯
′
Lγαs
′
L + t¯
′
Lγαb
′
L = u¯Lγαd
mix
L + c¯Lγαs
mix
L + t¯Lγαb
mix
L . (77)
Here
dmixL =
∑
q=d,s,b
VuqqL, s
mix
L =
∑
q=d,s,b
VcqqL, b
mix
L =
∑
q=d,s,b
VtqqL (78)
are ”mixed fields”. The matrix V = V upL V
down†
L is a unitary 3× 3 Cabibbo-
Kobayashi-Maskawa (CKM) matrix. Thus, the fields of down quarks enter
into CC in the mixed form. The mixing is connected with the fact that the
unitary matrices V upL and V
down
L are different.
The CKM matrix is characterized by three mixing angles θ12, θ23, θ13 and
one phase δ responsible for the CP violation in the quark sector. It can be
presented in the following form
V =

 c13c12 c13s12 s13e−iδ−c23s12 − s23c12s13eiδ c23c12 − s23s12s13eiδ c13s23
s23s12 − c23c12s13eiδ −s23c12 − c23s12s13eiδ c13c23

 (79)
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Here cik = cos θik and sik = sin θik
From existing data all matrix elements of CKM matrix are known. From
the global fit of the data of numerous experiments it was found [16]
|V | =

 0.97427± 0.00015 0.22534± 0.00065 0.00351± 0.000150.22520± 0.00065 0.97344± 0.00016 0.0412+0.0011−0.0005
0.00867+0.00029−0.00031 0.0404
+0.0011
−0.0005 0.999146
+0.000021
−0.000046

 (80)
From (57) and (74) for the masses of charged leptons and quarks we have
ml = flv, mq = fqv. (81)
Thus, masses of leptons (quarks) have the form of the product of vev (coming
from the Higgs field) and the constants of interaction of the leptons (quarks)
and the Higgs boson. Let us notice that masses ofW± and Z0) vector bosons
have the same form (see (42).
Masses of leptons and quarks are known. From (81) follows that the SM
predicts the constants of interaction of leptons and quarks with the Higgs bo-
son. The first LHC measurements of the constants fτ and fb are in agreement
with the SM prediction (see [17]).
Up to now we considered the SM mechanism of the generation of masses
of charged leptons and quarks. What about neutrinos? As we have discussed
earlier, in the minimal Standard Model there are no right-handed neutrino
fields. Thus, do not exist Yukawa interaction of neutrino fields with the Higgs
doublet. This means that neutrino masses can not be generated by the
Standard Higgs mechanism. After spontaneous breaking of the electroweak
symmetry neutrinos remain massless Weyl particles.
This suggestion is supported by the comparison of masses of quarks, lep-
tons and neutrinos. Let us consider particles of the third generation. We
have
mτ ≃ 1.77 GeV, mt ≃ 173 GeV, mb ≃ 4.2 GeV (82)
Absolute values of neutrino masses are not known at present. From exist-
ing tritium Mainz [18] and Troitsk [19] the following upper bounds were
found,respectively,
mβ < 2.3 eV, mβ < 2.05 eV, (83)
where mβ =
∑
i
√
|Uei|2m2i . If we assume the hierarchy of neutrino masses
(m1 ≪ m2 ≪ m3) from the neutrino oscillation data we havem3 ≃
√
∆m2A ≃
17
5·10−2 eV (∆m2A is the atmospheric neutrino mass-squared difference). Thus,
masses of quarks and the lepton of the third generation differs by two orders
of magnitude or less. The mass of neutrino ν3 is about 11 orders of magnitude
smaller that the mass of the τ -lepton. It is very unlikely that neutrino masses
are of the same SM origin as masses of quarks and charged leptons.
We will present now the arguments in favor of a beyond the SM origin
of the neutrino masses in a different form. Let us assume that not only left-
handed neutrino fields ν ′lL but also right-handed fields ν
′
lR are SM fields. The
SUL(2)× UY (1) invariant Lagrangian of the Yukawa interaction of neutrino
and Higgs fields has the form
LνY = −
√
2
∑
l′l
ψ
lep
l1LY
ν
l1l2ν
′
l2Rφ˜+ h.c.. (84)
After spontaneous breaking of the electroweak symmetry from (84) for the
neutrino mass term we find the following expression
LD = −v
∑
l′,l
ν¯ ′l′L Y
ν
l′lν
′
lR + h.c. = −
∑
l′,l
ν¯l′L M
D
l′lνlR + h.c. (85)
Here MD = vV †LY
ν where the matrix VL connects fields ν
′
lL and flavor neu-
trino fields νlL (see (60)). After the standard diagonalization of the matrix
V †LY
ν we find
LD =
3∑
i=1
miν¯iνi, νlL =
∑
i
UliνiL, (86)
where U is a unitary mixing matrix and νi is a field of the Dirac neutrinos
with mass mi. For neutrino mass we have
mi = v yi, (87)
where yi is the Yukawa coupling.
Let us consider the third, heaviest family. Assuming hierarchy of neutrino
masses from neutrino oscillation data we have m3 ≃ 5 · 10−2 eV. Thus, from
(87) we find y3 ≃ 10−13. Yukawa couplings of quarks and lepton of the third
generation are in the range ( 1−10−2). Extremely small values of the neutrino
Yukawa couplings is commonly considered as a strong argument against SM
origin of the neutrino masses.
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3 Majorana neutrino masses
A mass term is a Lorenz-invariant product of the left-handed and right-
handed components of the fields. Is it possible to have neutrino mass term
in the case if there are no right-handed fields? For the simplest case of two
neutrinos this problem was solved many years ago in the paper [20]. The
only possibility to built the neutrino mass term in this case is to assume
that the total lepton number L is not conserved. In fact, it is easy to see
that the conjugated field (νlL)
c = C(ν¯lL)
T (C is the matrix of the charge
conjugation which satisfies the conditions CγTαC
−1 = −γα, CT = −C) is
the right-handed field.2 Thus, assuming that the total lepton number is not
conserved in the case of the left-handed neutrino fields νlL for the (Majorana)
neutrino mass term we have
LM = −1
2
∑
l1,l2
ν¯l1L M
M
l1l2
(νl2L)
c + h.c., (88)
whereMM is a 3×3 complex matrix. From general requirement of the Fermi-
Dirac statistics it follows that MM = (MM )T .3 A complex symmetrical
matrix MM can be diagonalized with the help of one unitary matrix. We
have
MM = U m U †, (89)
where U † U = 1, mik = miδik, mi > 0.
From (88) and (89) we obtain the Majorana mass term in the diagonal
form
LM = −1
2
3∑
i=1
mi ν¯iνi, (90)
where
νi = ν
c
i = Cν¯
T
i . (91)
2Taking into account that CγT
5
C−1 = γ5 from the definition of left-handed (right-
handed) field (γ5 ψL,R = ∓ ψL,R) we have γ5(C ψ¯TL,R) = ± (Cψ¯TL,R).
3In fact, we have∑
l1,l2
ν¯l1L M
M
l1l2
(νl2L)
c = −
∑
l1,l2
ν¯l2L M
M
l1l2
CT ν¯Tl2L =
∑
l1,l2
ν¯l1L (M
M )Tl1l2)
T (νl2L)
c.
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The flavor field νlL is connected with the fields of Majorana neutrinos with
definite masses νi by the standard mixing relation
νlL =
3∑
i=1
Uli νiL, (92)
where U is the unitary PMNS mixing matrix.
The Majorana mass term (88) can be generated only in the framework of a
beyond the Standard Model physics. The method of the effective Lagrangians
[21, 22] is the most general way which allows to describe effects of a beyond
the SM physics.4 The effective Lagrangian is a nonrenormalizable Lagrangian
which is built from SM fields, have dimension five or more and is invariant
under electroweak SUL(2)× UY (1) transformations.
In order to generate the neutrino mass term we need to build the ef-
fective Lagrangian which is quadratic in the lepton fields. The term (ψ¯leplL φ˜)
(l = e, µ, τ) is SUL(2)×UY (1) invariant and has dimensionM5/2. After spon-
taneous breaking of the symmetry it contains the left-handed neutrino field
multiplied by vev. The lepton number violating SUL(2) × UY (1) invariant
Lagrangian quadratic in the lepton fields has the form [21]
LeffI = −
1
Λ
∑
l1,l2
(ψ¯lepl1Lφ˜) Y
′
l1l2
(φ˜T (ψlepl2L)
c) + h.c.. (93)
Here Λ is a parameter which has the dimension M and Y ′ = (Y ′)T is a
dimesionless 3× 3 matrix.
The the parameter Λ characterizes the scale a new physics at which the
lepton number L is violated. It is natural to expect that Λ≫ v.
After the spontaneous breaking of the electroweak symmetry from from
(65) and (93) we have
LeffI = −
1
2Λ
∑
l1,l2
ν¯ ′l1L Y
′
l1l2 (ν
′
l2L)
c (v +H)2 + h.c. (94)
The term proportional to v2 is the Majorana mass term. The flavor neutrino
fields νlL, which enter into the leptonic CC, are determined by the relation
4The classical example of the effective Lagrangian is the four-fermion Fermi Lagrangian
of the β-decay.
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(60). In terms of the flavor neutrino fields from (94) we obtain the Majorana
mass term (88) in which the matrix MM is given by
MM =
v2
Λ
Y¯ , (95)
where
Y¯ = V †LY
′(V †L)
T (96)
is a symmetrical matrix.
From (95) for the mass of the Majorana neutrino νi we find the following
expression
mi =
v
Λ
y¯iv, i = 1, 2, 3, (97)
where y¯i is the eigenvalue of the matrix Y¯ .
Thus, Majorana neutrino mass mi generated by the effective Lagrangian
(93) is a product of a ”typical fermion mass” v y¯i and a suppression fac-
tor which is given by the ratio of the electroweak scale v and a scale Λ
of a new lepton-number violating physics. The scheme based on the effec-
tive Lagrangian approach is a natural framework for the generation of neu-
trino masses which are much smaller than the masses of other fundamental
fermions. Let us stress that such a scheme does not put any constraints of
the mixing matrix U .
Absolute value of neutrino masses are not known at present. If we assume
hierarchy of neutrino masses for the mass of the heaviest neutrino we have
m3 ≃
√
∆m2A ≃ 5 · 10−2 eV. Assuming also that y¯3 ≃ 1 for a new scale Λ
we find the estimate Λ ≃ 1015 GeV. Thus, small Majorana neutrino masses
could be a signature of a new very large lepton number violating scale in
physics.
Let us summarize our discussion of the generation of the neutrino masses
based on the effective Lagrangian approach.
1. There is one possible lepton number violating effective Lagrangian
which (after spontaneous breaking of the symmetry) leads to the Ma-
jorana neutrino mass term.
2. Number of Majorana neutrinos with definite masses is equal to the
number of the flavor neutrinos (three).
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3. Smallness of the neutrino masses with respect to the masses of quarks
and leptons could signify existence of a new lepton number violating
scale which is much larger than the electroweak scale v.
4. The Lagrangian (93) is the only possible effective Lagrangian of the
dimension 5 (proportional to 1
Λ
). Other effective Lagrangians have
dimension 6 and higher and at the very large Λ give much smaller
contributions to observables. Thus, neutrino masses are the most sen-
sitive probe of a new physics at a scale which is much larger than the
electroweak scale.
Let us notice that or the dimensional arguments we used it is important that
Higgs is not composite particle and exist Higgs field having dimension M .
Recent discovery of the Higgs boson at CERN [12] confirm this assumption.
The violation of the lepton number can be connected with the existence of
heavy Majorana leptons which interact with the lepton -Higgs pairs [25, 26].
Let us assume that heavy Majorana leptons Ni with the mass Mi ≫ v
(Ni = N
c
i , i = 1, ...n), singlets of SUL(2)×UY (1) group, have the following
Yukawa lepton-number violating interaction
LYI = −
√
2
∑
l,i
yliψ¯
lep
lL φ˜NiR + h.c.. (98)
Here yli are dimensionless Yukawa coupling constants.
In the second order of the perturbation theory at the electroweak energies
the interaction (98) generates the effective Lagrangian (93) in which the
constant
Y¯l1l2
Λ
is given by the relation
Y¯l1l2
Λ
=
∑
i
yl1i
1
Mi
yl2i. (99)
Thus, the scale of a new lepton number violating physics is determined by
masses of the heavy Majorana leptons.
We have considered a beyond the SM mechanism of the generation of
neutrino masses and mixing based on idea of violation of the lepton number
at a scale which is much larger that the electroweak scale. This approach does
not allow to predict values of the neutrino masses, neutrino mixing angles
and CP -violating phases. However, there are two general consequences of
this mechanism.
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1. Neutrino with definite masses νi must be Majorana particles. Nature of
neutrinos with definite masses is a fundamental unsolved experimental
problem. As it is well known, the most practical way to reveal the
nature of neutrinos with definite masses (Majorana or Dirac?) is to
look for neutrinoless double β-decay (0νββ-decay) of some even-even
nuclei
(A,Z)→ (A,Z + 2) + e− + e−. (100)
In the case of three Majorana neutrino mixing the total decay-rate of
the 0νββ-decay have the following general form
Γ0ν =
1
T 0ν1/2
(Z) = |mββ|2 |M0ν(Z)|2 G0ν(Q,Z). (101)
Here
mββ =
∑
i
U2eimi (102)
is the effective Majorana mass, M0ν(Z) is the nuclear matrix element
(NME), which is determined by the nuclear properties and does not
depend on elements of the neutrino mixing matrix and small neutrino
masses, and G0ν(Q,Z) is known phase space factor which includes the
Fermi function describing final state Coulomb interaction of two elec-
trons and the nuclei. The calculation of NME is a very complicated
nuclear problem. NME for the 0νββ-decay of different nuclei were cal-
culated in the framework of several many-body approximate schemes.
Results of these calculations for some nuclei differ in 2-3 times. A
progress in improving of the existing calculations of NME is expecting
(see [27]).
Several experiments on the search for the 0νββ-decay of different nuclei
are going on at present. Up to now only lower bounds on half-life of the
0νββ-decay were obtained. Recently several new results were reported.
In the EXO-200 experiment [28] the 0νββ-decay of 136Xe (Q = 2458
KeV) was investigated in the liquid time-projection chamber (with
80.6% enrichment in 136Xe). After 100 kg · y exposure the following
lower bound was obtained
T 0ν1/2(
136Xe) > 1.1 · 1025 y (90%CL) (103)
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Using different calculations of NME from this result for the effective
Majorana mass the following upper bounds were found
|mββ| < (1.9− 4.5) · 10−1 eV (104)
In the KamLAND-Zen experiment [29] 383 kg of liquid 136Xe (enriched
to 90.77% ) was loaded in the liquid scintillator. The 0νββ-decay of
136Xe was searched for. After 115 days of exposure for the half-life the
following lower bound was inferred
T 0ν1/2(
136Xe) > 1.3 · 1025 y (90%CL) (105)
Combining this result with the result of the previous run for the half-life
it was obtained
T 0ν1/2(
136Xe) > 2.6 · 1025 y (90%CL) (106)
From this bound for the effective Majorana mass was found
|mββ| < (1.4− 2.8) · 10−1 eV. (107)
In the germanium GERDA experiment [30] the 0νββ-decay of 76Ge
(Q = 2039 KeV) was studied. In the Phase-I of the experiment the
germanium target mass was 21.6 kg (86% enriched in 76Ge). Very law
background (10−2 cts/KeV kg y) was reached. For the the lower bound
for the half-life of 76Ge it was obtained the value
T 0ν1/2(
76Ge) > 2.1 · 1025 y (90%CL). (108)
This result allowed the collaboration to refute the claim of the obser-
vation of the 0νββ-decay of 76Ge made in [31]. Combining (108) with
the results of Heidelberg-Moscow[32] and IGEX [33] experiments it was
found
T 0ν1/2(
76Ge) > 3.0 · 1025 y (90%CL). (109)
From this bound for the effective Majorana mass it was obtained the
following bound
|mββ | < (2− 4) · 10−1 eV. (110)
Let us notice that in the next generation of the experiments on the
search for the 0νββ-decay it is planned to reach the region
|mββ| < a few · 10−2 eV. (111)
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2. The number of neutrinos with definite masses must be equal to the
number of lepton-quark generations (three). This means that there are
no sterile neutrinos in such a scheme. At present exist some indica-
tions in favor of a fourth neutrino mass-squared difference ∼ 1 eV2 (see
[24, 34]). In the simplest 3+1 scheme (three light neutrinos and one
neutrino with mass about 1 eV) for the short baseline experiments sen-
sitive to ∆m214 we find the following expression for
(−)
να → (−)να′ transition
probability
P (
(−)
να → (−)να′) = δα,α′ − 4(δα,α′ − |Uα′4|2)|Uα′4|2 sin2 ∆m
2
14L
4E
, (112)
where E is neutrino energy, L is the source-detector distance, ∆m214 =
m24−m21. Positive indications in favor of neutrino oscillations were found
in the LSND
(−)
νµ → (−)νe experiment [35], in short baseline reactor ν¯e → ν¯e
experiments (see [36]) and in radioactive source νe → νe experiments
[37]. From (112) it follows that oscillation amplitudes for
(−)
νµ → (−)νe
(−)
νe → (−)νe and νµ → νµ transitions are given by the expressions Aeµ =
4|Ue4|2|Uµ4|2, Aee = 4|Ue4|2(1− |Ue4|2 ≃ 4|Ue4|2 and Aµµ = 4|Uµ4|2(1−
|Uµ4|2 ≃ 4|Uµ4|2. These relations mean that from analysis of (−)νµ → (−)νe
and
(−)
νe → (−)νe data it is possible to obtain the allowed region for νµ → νµ
oscillations. There are no indications in favor of νµ → νµ disappearance
in short baseline experiments [38, 39]. Global analysis of the data of
all short baseline experiments indicates a strong tension between data
[34]. The same problem exist if data are analyzed in the framework of
more complicated models.
Several new experiments specially designed to check existing contro-
versial indications in favor for short baseline neutrino oscillations are
in preparation at present (see [40]).
If heavy Majorana leptons exist their CP-violating decays in the early
Universe could be the origin of the lepton asymmetry which due to sphaleron
effects can be transferred into the barion asymmetry of the Universe [41].
Let us notice that the mechanism based on the interaction (98) is called
type I seesaw. The effective Lagrangian (93) can also be generated by the
Lagrangian of interaction of lepton-Higgs doublets with a heavy triplet lepton
(type III seesaw) and by the Lagrangian of interaction of lepton doublets and
Higgs doublets with heavy triplet scalar boson (type II seesaw).
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4 Conclusion
The Standard Model successfully describes all observed physical phenomena
in a wide range of energies up to a few hundreds GeV. After the discovery
of the Higgs boson at LHC the Standard Model was established as a correct
theory of physical phenomena in the electroweak scale.
It is suggested here that neutrinos play exceptional role in the Standard
Model. Neutrinos possibly are crucial in the determination of symmetry
properties of the SM. It is very plausible that neutrinos are the only Standard
Model particles whose properties (masses and nature) are determined by a
beyond the Standard Model physics.
The Standard Model is based on
• The local gauge symmetry.
• The unification of the weak and electromagnetic interactions.
• Brout-Englert-Higgs mechanism of the spontaneous breaking of the
symmetry.
It looks that in the framework of these general principles nature choose the
simplest possibilities. The simplest, most economical possibility for neutrinos
is to be massless two-component Weyl particles (which is the Landau-Lee-
Yang-Salam two-component neutrino). The experiment showed that from
two possibilities (left-handed or right-handed) nature choose the left-handed
possibility.
In order to ensure symmetry, fields of quarks and leptons also must be
massless. The symmetry group must be non-Abelian. This allow to include
charged particles and ensure the universality of the minimal interaction of
the fundamental fermions and the gauge fields. The simplest possibility is
SUL(2) with doublets of the left-handed fields.
The unification of weak and electromagnetic interactions require enlarge-
ment of the symmetry group. The simplest possibility is SUL(2) × UY (1)
group. Because the electromagnetic current is the sum of the left-handed
and right-handed parts, right-handed fields of the charged particles also must
be SM fields (singlets of the SUL(2) group). Electric charges of neutrinos
are equal to zero. The unification principle does not requires existence of
the right-handed neutrino fields. Minimal possibility (the basic principle of
the SM): there are no right-handed neutrino fields in the SM. This is a cru-
cial feature of the SM. Nonconservation of P and C in the weak interaction
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is connected with that. Because of there are no right-handed SM neutrino
fields neutrinos are the only particles which after spontaneous breaking of
the electroweak symmetry remain massless.
Neutrinos can have only beyond the Standard Model Majorana masses
(lepton number violating Majorana mass term). This is the most econom-
ical possibility. It is generated by the unique, beyond the Standard Model
dimension five Weinberg effective Lagrangian. Due to a suppression factor
which is a ratio of the electroweak vev and a scale of a new lepton number
violating physics such approach naturally explains the smallness of neutrino
masses.
In the framework of the effective Lagrangian it is impossible to predict
neutrino masses, mixing angles and phases. The same is true for leptons
and quarks: the Higgs mechanism of the generation of masses and mixing
of leptons and quarks do not predicts the values of masses, mixing angles
and phases. However, there are three general consequences of the considered
mechanism of the neutrino mass generation.
1. Neutrino with definite masses νi are Majorana particles.
2. Number of neutrinos with definite masses is equal to the number of the
flavor neutrinos (three).
3. The total lepton number L is violated at a large scale Λ.
The neutrino nature (Majorana or Dirac ?) can be inferred from the exper-
iments on the the search for neutrinoless double β-decay of 76Ge, 136Xe and
other nuclei. If this process will be observed it will be a proof that neutrinos
with definite masses are Majorana particles, i.e. that neutrino masses are
of a beyond the SM origin. Future experiments will probe inverted neutrino
mass spectrum region (mββ ≃ a few10−2 eV). In the case of normal mass
hierarchy the probability of the neutrinoless double β-decay will be so small
that new methods of the detection of the process must be developed (see
[42]).
A possibility that the number of the neutrinos with definite masses is more
than three will be tested in future reactor, radioactive source and accelerator
experiments on the search for sterile neutrinos.
If Yukawa constants are of the order of one the scale Λ is very large
(≃ 1015 GeV). In this case a successful theory of baryogenesis could be an
indirect test of the point 3. Let us notice, however, that much smaller values
of Λ (≃ TeV) were considered in numerous papers (see, for example, [43]).
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The Standard Model teaches us that the simplest possibilities are more
likely to be correct. Massless two-component left-handed Weyl neutrinos
and absence of the right-handed neutrino fields in the Standard Model is the
simplest, most elegant and most economical possibility. In this case beyond
the Standard Model Majorana mass term is a unique possibility for neutrinos
to be massive and mixed.
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